We describe a beam profile monitor design based on Cherenkov light emitted from a charged particle beam in an air gap. The main components of the profile monitor are silicon wafers used to reflect Cherenkov light onto a camera lens system. The design allows for measuring large beam sizes, with large photon yield per beam charge and excellent signal linearity with beam charge. The profile monitor signal is independent of the particle energy for ultrarelativistic particles. Di↵erent design and parameter considerations are discussed. A Cherenkov light-based profile monitor has been installed at the FACET User Facility at SLAC. We report on the measured performance of this profile monitor.
Introduction 1
For a number of accelerator facilities there is a need for precise diagnostic SLAC-PUB-16412
field acceleration [1] , laser plasma acceleration [2] , and two-beam accelera-7 tion machines where drive beams are heavily decelerated with large energy 8 spread, such as CLIC [3] . 9 We present here a beam profile diagnostic method based on Cherenkov 10 light generated by an electron beam traveling through air. The profile mon- Facility [4, 5] and has been further developed for the spectrometer at the 14 FACET User Facility [1, 6] , as described in this paper.
15
The use of Cherenkov radiation for profile monitoring has the signifi- by [7] 22 dW otr d! ⇡ 4.9 ⇥ 10 37 ln where is the Lorentz factor, which yields about 0.05 OTR photons per 23 electron per surface unit for ultrarelativistic beams, in the optical range.
24
By using enough path length to generate Cherenkov light, one may easily 25 get a factor 100 stronger signal with a detector based on Cherenkov light 26 compared to an OTR-based setup. For beams with large energy spread, the 27 Cherenkov light has the added advantage over OTR that the light yield is 28 independent of the particle energy. High light yield is important in advanced
29
accelerator experiments where small charge signals may be of great experi-30 mental interest, as illustrated for example by the low charge accelerated tail 31 described in [4] . On the other hand, beams in the FACET experimental area 32 may have very high charge densities, reaching on the order of 1000 nC/mm 2 .
33
The Cherenkov profile monitor has the advantage that the light yield is lin- 
Principle

53
Charged particles traveling faster than the speed of light in a given 54 medium emit Cherenkov radiation [9] .
55
The index of refraction of dry air, n air , can be estimated from the modified
56
Edlén formulas [10, 11] We note that for electrons with energy of 150 MeV or more, the opening 66 angle will be within 1% of the opening angle for infinite energy, 67 ✓ C = cos 1 (1/n air ) = 24.2 mrad. In this paper we are mostly concerned with ultrarelativistic electrons and we 68 assume for calculations the opening angle to be that of infinite energy, ✓ C .
69
For this energy range, the Cherenkov profile monitor has the advantage that 70 the signal intensity is for our purposes independent of the particle energy. dx, and wavelength interval, d ,
where ↵ ⇡ 1/137 is the fine-structure constant. length, generated in this frequency range, to
In order to control the amount of photons generated, the electron beam 80 to be profiled passes through two wafers as it travels through air. The first 81 wafer blocks light already generated up to this point, and the second wafer 82 reflects the light generated between the two wafers. The total number of 83 photons can be regulated by adjusting the gap between the two wafers, d gap .
84
We require a wafer material that has good reflectivity in the optical range, as or a fraction of the light emitted, must hit the camera lens. Figure 1 a) 
94
illustrates how the profile monitor can be set up. 
Parameter considerations
96
We now discuss a few key considerations particular to the Cherenkov pro-97 file monitor which are required to optimize the profile monitor performance.
98
Figure 1: Illustration of a Cherenkov light-based profile monitor setup. An ultrarelativistic electron beam enters air, and emits Cherenkov radiation. A first silicon wafer blocks upstream light, while a second silicon wafer reflects the light generated between the two wafers onto a lens. Apart from scattering in the Si, the profile monitors are non-intrusive and several monitors might be used simultaneously. a) shows a schematic overview of the FACET Cherenkov spectrometer profile monitor setup. Parameters for this setup will be discussed later in the paper. b) shows a possible geometry for the wafer setup. c) shows the principles of the two modes of operation, where either all the Cherenkov light is collected on the lens (marked with "1"), or, only a fraction of the ring is collected on the lens (marked with "2"). is set to focus in the middle of the air gap, at longitudinal position z=0.
107
At the camera sensor, the radius of the rings originating at a longitudinal 
118
The blocking and the reflecting wafers must be rotated by the same angle 
Field of view versus fraction of collected light
131
The Cherenkov radiation is propagating in a cone with opening angle ✓ C .
132
This can be exploited to image a field of view (FOV) much larger than the limiting factor, which again depends on the air gap, as discussed above.
147
As an alternative mode of operation, the profile monitor can be designed 
161
The intersection of the two rings in Figure 3 If the camera lens is put far enough from the air gap, the Cherenkov ring (red) will have a larger radius than the radius of the lens (black). The fraction of light falling on the lens and being imaged on the sensor will depend on the horizontal and vertical position of the emitting charge. By optimizing the ring radii and the distance between the Cherenkov ring and the lens, the variation in the fraction of light falling on the lens can be kept relatively small over the entire field of view.
It follows that the fractional light yield from a particle for which the Cherenkov 166 ring has a center at a transverse distance D from the lens center, is given by
For charge which at the object plane is o↵set with respect to the particle 168 with its ring at a distance D, the fraction of the light can be calculated by
where x is the o↵set in the horizontal dimension and y the o↵set in the 171 vertical dimension. Eqs. (3) and (4) the edges of the FOV. We will refer to this e↵ect as "vignetting".
175
In the limit where the lens is placed very far away from the wafers such 
In this case any imaged particle with zero horizontal position will have the 
218
The distance from the center of the Cherenkov ring for the nominal energy 219 particle, to the center of the lens, was set to D = 0.84r ring = 12.0 cm,
220
optimized to give the minimum overall vignetting e↵ects.
221
In addition to the Cherenkov radiation generated in the air gap, opti- 
232
The CMOS camera is sensitive to wavelengths up to about 750 nm, which 233 for f # = 4 gives a di↵raction limit on the camera sensor of 1.22 ⇥ 750 nm ⇥ 234 f # = 3.7 µm and a di↵raction limit on the target of 35 µm. In comparison,
235
the resolution of the optical system (CMOS camera + lens) was measured 236 to be 88 µm using a 1951 USAF resolution test target [14] , which is close to, and possibly dominated by, the pixel resolution of 62 µm.
238
The beam enters the air from vacuum through a 5.1 mm thick aluminum from the wafers themselves has negligible e↵ect on the minimum spot size.
245
The experimental setup in the FACET tunnel is shown in Figure 5 . The first wafer blocks the light generated upstream, while the second wafer reflects the light generated between the two wafers onto a Nikkor 600 mm 15 cm diameter lens, reflecting o↵ three mirrors for a total path length of 6 m. Only part of the light path is indicated in the picture. The wafers can be moved in and out of the electron beam line, using a remotely controlled moving stage. In the picture there are also additional equipment related to other diagnostics, not described here.
13
Performance
247
We have tested the experimental setup described above, using the FACET showing that the vignetting e↵ects in the profile monitor are indeed small.
280
In comparison, we also measured the vignetting with the lens iris partially 
The e↵ective resolution of the system was measured by comparing the (3) and (4), (b) shows the measured light yield. We observe less than 3% variation in the light yield for any horizontal and vertical charge location, both for the calculated case and for the measured case. In comparison, the bottom row of plots shows light yield for a test configuration with the lens iris set to 1/3 of full aperture; (c) shows the calculated light yield using Eqs. (3) and (4) energy resolution scales with the particle energy squared, yielding better res-337 olution at lower energy and poorer resolution for higher energy. Figure 9 338 displays the energy resolution as function of the particle energy E.
340
Figure 8: Example of the projected light distribution generated from a single electron shot, in both planes, for both the "FAR" system described in detail in this paper, where only a fraction of the Cherenkov ring hits the lens, and the "NEAR" system where the entire Cherenkov ring hits the lens. On the "NEAR" system, the measured spot size is similar in both planes, while for the "FAR" system, the measured spot size is significantly larger in the horizontal plane than in the vertical plane. For the "FAR" system a larger resolution in the horizontal plane is expected as the camera is viewing the air gap from a slight horizontal angle. Figure 9 : The detector energy resolution of the FACET Cherenkov spectrometer, as function of the particle energy. The energy resolution given here is calculated as the measured spatial resolution in the vertical plane, divided by the dispersion due the spectrometer dipole, times the particle energy. For the nominal FACET beam energy of 20.35 GeV, the energy resolution is 76 MeV, or 0.4% of the nominal energy. 
Wafer damage
